The objective of this study was to determine the feasibility of using airborne T3 coliphage as a viral tracer in microbial aerosols. Although T3 coliphage was relatively stable when stored either at temperatures ranging from 21 to 37 C or in the frozen state at -20 C, there was a 2-log loss in infectivity when stored for 72 days at 4 C. Either agitation of stored coliphage suspensions held at 31 C or wide fluctuations in storage temperature produced an increased loss of infectivity. In the airborne state, freshly prepared coliphage and stored coliphage behaved similarly, with survival diminishing as the relative humidity (RH) was lowered. The greatest loss occurred during the first five min following aerosolization. The results showed that only under certain conditions of temperature and relative humidity can T3 coliphage be used as a satisfactory aerosol tracer.
Hemmes (11) was the first to report that airborne stability of T5 coliphage was relative humidity (RH)-dependent. Detrimental RH effects were later observed with airborne T3 coliphage by Ehrlich (6) and Songer (13) and with T7 coliphage by Webb (14) . In contrast, the airborne stability of T2 and T4 coliphages is not RH-dependent (14) . Other environmental factors aside from RH, e.g., air ions, have been shown to affect the airborne stability of Ti coliphage (9) . Some of the obvious difficulties encountered in adoption of airborne bacteriophages as model systems in aerosol studies were discussed by Noble (12) and Harstad (10) . In spite of these reports, various bacteriophages have been used satisfactorily as biological tracers for studies on airborne dispersal of nasal secretions (2) and for elucidating mechanisms of death of aerosolstressed host cells (3, 4, 14) .
The present paper deals with the effect of various storage and airborne environments on the stability of T3 coliphage. These studies were undertaken to determine: (i) viability of the coliphage during extended periods of storage under various conditions, (ii) survival of the coliphage in aerosols at 21 C and varied RH, and (iii) the effect of extended storage at different temperatures on aerosol stability. 1 A preliminary account of this work was presented at the 68th Annual Meeting of the American Society for Microbiology, [5] [6] [7] [8] [9] [10] May 1968, Detroit, Mich.
MATERIALS AND METHODS
Bacteria. Escherichia coli B was used as the host bacterium. The host cell suspensions were prepared daily by cultivation in Nutrient Broth (Difco) on a shaker-incubator (New Brunswick, model 25) for 16 hr at 31 C. They were then diluted in fresh growth medium to a cell density of approximately 107 cells per ml.
Coliphage. The T3 coliphage was originally obtained from Gunther Stent, University of California, Berkeley. The stock coliphage was prepared by infection of a 16-hr culture of E. coli B. The infected cells were incubated for 6 hr at 31 C. Chloroform was then added prior to centrifugation to insure lysis of any noninfected cells (7) . Coliphage obtained in this manner was stored at -20 C until used. In preliminary studies, these stock suspensions were used for tests, but in later experiments 12-liter quantities of coliphage were prepared by the method of Worthington, Wolochow, and Chatigny (16) .
Conditions of storage. Fresh 400-ml suspensions of the coliphage were dispensed in no. 2 cans (total capacity, 600 ml), sealed, and immediately placed at the desired conditions of storage (37, 31, 21, 4, or -20 C). At intervals, the containers were opened and assayed for viable coliphage particles.
In one experiment, several sealed cans were deliberately placed in an uncontrolled environment and the temperature was allowed to fluctuate according to the outside weather. In another experiment, several cans were placed on an incubator-shaker at 31 C to determine whether such agitation over a prolonged time interval would prove more injurious to the STORAGE AND AEROSOL STABILITY OF T3 COLIPHAGE phage particles than when stored under the same conditions in a static state. In some studies, stored coliphage was also tested for effects of the storage treatment on aerosol stability.
Samples to be frozen were sealed in no. 2 cans, shell-frozen in an ethyl alcohol-CO2 bath at -70 C, and then stored at -20 C until tested. The frozen suspensions were thawed by immersion in a water bath at 25 C. After initial assay, some samples were held at 4 C for additional time intervals prior to assessing coliphage viability in an aerosol. Aerosol experiments. The aerosol studies were conducted in two 500-liter rotating drums (8) housed in a temperature-controlled space maintained at 21 + 2 C. The desired humidity levels inside the drums were obtained by mixing measured volumes of wet and dry air with an effluent aerosol from an atomizer designed in our laboratory. This atomizer is patterned after the Wells atomizer and comprises a 500-ml glass bulb into which a stainless-steel peripheral air jet is installed to provide reflux atomization. The atomizer was operated at 15 psi, and the spray fluids consisted of undiluted coliphage suspensions plus Antifoam B (Dow Corning) to control foaming. The aerosol samples were collected by impingement in the AIG-30 apparatus (15) operated at a flow rate of 12.5 liters/min and containing 20.5 ml of Nutrient Broth plus antifoam. As samples were taken, replacement air was supplied to the drum at the RH already existing within the drum.
Coliphage assay. For assay of suspensions containing coliphage particles, an agar-overlay technique, as described by Adams (1), was used.
Physical decay of aerosols. Total decay (Kt) of the aerosol was determined by the recovery of viable coliphage particles in the impinger samples. Physical decay (Kp) was monitored by the methods of Dimmick, Hatch, and Ng (5) with a forward-angle lightscatter monitor and a Universal Photomultiplier Photometer, Model PH-200 (Eldorado Electronics Co., Berkeley, Calif.). The biological decay (Kb) was determined by the formula Kb = Kt -Kp.
RESULTS
Conditions affecting efficiency of plating the coliphage from aerosols. Some combinations of impinger fluids and diluents resulted in a slightly higher recovery of T3 coliphage than others ( Table 1 ). The greatest number of plaque-forming units (PFU) were recovered when nutrient broth was used both as impinger fluid and diluent, whereas recovery was least when distilled water was used for both purposes. The effects of these media on recovery of coliphage particles were similar in aerosols aged 5 or 120 min.
Statistical analyses of these data by the student's t test indicate that no significant difference existed between relative plating efficiency obtained with Nutrient Broth, tryptose saline, or peptone diluents (p > 0.05), but there was a significant difference between these three solu- tions and distilled water (p < 0.05). These data also show that, while the plating medium may slightly affect the recovery of airborne coliphage, the differences between blood-agar base and nutrient-agar were not significant (p > 0.05). The conditions used in subsequent experiments were those wherein all suspending media were Nutrient Broth and the plating medium was Nutrient Agar.
Effect of various storage treatments and subsequent aerosolization. The effects of storage under various conditions on the viability of T3 coliphage are shown in Table 2 . The greatest number of coliphage particles survived at -20 C and the least at 4 C. Coliphage survived as well at temperature ranges between 21 and 37 C as when frozen, but agitation or wide fluctuations in temperature during storage were somewhat detrimental. To determine the effects of more extended periods of storage, portions of the same suspension were assayed after having been stored at 4 C or -20 C for 484 days. The phage held at 4 C showed a significant loss of infectivity, although at a much slower rate than during earlier storage. Its titer was determined to be 6.2 X 105 PFU/ml. It appeared that the frozen phage was beginning to form clumps, which made assay very difficult, WARREN AND HATCH The results of a more detailed study of the effects of coliphage storage at 4 C are presented in Table 3 . These experiments also show the effect of storage at -20 C, followed by additional storage at 4 C, on the viability of T3 coliphage during refluxing in an atomizer. It can be seen that the coliphage suspension can be held at-20 C for extended periods with a relatively small loss in viability after the initial loss on freezing. However, the combination of freezing, storage in the frozen state, thawing, and subsequent storage at 4 C resulted in a 2-log decrease in viability during the test period. Storage at 4 C did not appreciably decrease the viability of the coliphage particles during the first 4 days.
However, about 10% of the particles were inactivated after 8 days and about 99%70 after 28 days.
The reflux action of the atomizer had no apparent effect upon coliphage viability regardless of the duration or conditions of storage.
Effect of RH on aerosol stability. To determine the effect of RH on survival of the airborne coliphage, 12 replicate aerosol experiments at each of the RH conditions (10, 30 , 50, 80, and 95%) were conducted in rotating drums at 21 C. The mean values of both physical and total aerosol decays were found for each series of experiments, and biological decays were determined (Fig. 1) .
Two different suspensions were used and thus two different values were obtained for the total number of coliphage particles per liter of aerosol. The concentration of coliphage particles per liter in the drums was determined by means of the formula:
where N is the number of particles per minute flowing into the drum, v is the volume of airflow in liters per minute, D is the volume of the drums in liters, and Vt is the total volume of air allowed to enter the drum during time t. A total of 1.3 X 107 coliphage particles per liter were thus estimated in the aerosols at 30, 50, and 80% RH, whereas 5.5 X 107 particles per liter were estimated for those aerosols at 10 and 951% RH. The curves shown in Fig. 1 were normalized to the initial atomizer fill. These curves were extrapolated from the estimated theoretical number to the total number recoverable in order to illustrate the dramatic effect of RH on initial survival of airborne T3 coliphage. It is particularly noteworthy that by the time the first sample was taken (5 min after filling the drum) the major effect of RH on survival of the coliphage particles had already occurred. At high RH These studies indicate that the most coliphage particles were recovered at the highest RH. Although it is apparent that airborne T3 coliphage particles are more rapidly inactivated at low humidities, some survivors have been found in aerosols aged for 20 hr at medium and high RH ranges.
The data presented in Table 4 show the effect of prolonged storage at 4 C and -20 C on aerosol stability of T3 coliphage. As with freshly prepared suspensions, the stored coliphage displayed a greater sensitivity in aerosols at 30% RH than at a higher RH. Aerosols of these stored suspensions were the most stable at 80% RH. Coliphage particles stored in the frozen state generally exhibited greater stability than did those stored at 4 C. Storage under either of these two conditions apparently did not greatly alter the sensitivity of T3 coliphage to aerosol stress. All of the data in Table 4 (13) reported that more T3 coliphage particles were inactivated during aerosol generation at low humidities than at high humidity ranges. Those particles that survived initial aerosolization also survived longer while airborne at high, rather than low, RH conditions. Our studies confirm and extend the observations of others (6, 13) on the viability of T3 coliphage during storage and in aerosols.
To determine the optimal suspending medium (dilution blanks, impinger fluids, etc.) for handling T3 coliphage, several preparations were tested in various combinations. All results indicate that the use of Nutrient Broth in conjunction with Nutrient Agar as the assay medium, yielded a slightly larger number of viable coliphage particles being recovered from aerosols.
Tests indicated that subjecting suspensions of T3 coliphage to the stresses of 30 min of reflux aerosolization had no adverse effect upon the viability of the coliphage. Large numbers of T3 coliphage particles were inactivated by prolonged storage, but only when the suspensions were subjected to continuous agitation, wide fluctuations in temperature, or when held at 4 C in broth suspensions. The results of storage at 4 C reported here are in contrast to those previously reported (6) and may reflect differences in production procedures or in suspending media or both. Our In a subsequent publication we will report on the effects of rehumidification in influencing collection and assay efficiency of airborne T3 coliphage and other bacteriophages.
From these results, we conclude that, although T3 coliphage can be stored for long periods of time under a wide variety of conditions, this phage can be used as a satisfactory aerosol tracer only at RH levels of 80% and above.
